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ABSTRACT
The East Asian winter monsoon (EAWM) and the North Pacific Oscillation (NPO) constitute two out-
standing surface atmospheric circulation patterns affecting the winter sea surface temperature (SST) vari-
ability in thewesternNorth Pacific. The present analyses show the relationship between theEAWMandNPO
and their impact on the SST are nonstationary and regime-dependent with a sudden change around 1988.
These surface circulation patterns are tightly linked to the upper-level Ural and Kamchatka blockings, re-
spectively. During the 1973–87 strong winter monsoon epoch, the EAWM and NPO were significantly cor-
related to each other, but their correlation practically vanishes during the 1988–2002 weak winter monsoon
epoch. This nonstationary relationship is related to the pronounced decadal weakening of the Siberian high
system over the Eurasian continent after the 1988 regime shift as well as the concomitant positive NPO-like
dipole change and its eastward migration in tropospheric circulation over the North Pacific. There is a tight
tropical–extratropical teleconnection in the western North Pacific in the strong monsoon epoch, which dis-
appears in the weak monsoon epoch when there is a significant eastward shift of tropical influence and en-
hanced storm tracks into the eastern North Pacific. A tentative mechanism of the nonstationary relationship
between the EAWM and NPO is proposed, stressing the pivotal role played in the above teleconnection by
a decadal shift of the East Asian trough resulting from the abrupt decline of the EAWM since the late 1980s.
1. Introduction
The wintertime surface climate over the Far East and
western North Pacific is under strong influence of the
East Asian winter monsoon (EAWM), whose intensity
is predominantly determined by that of the Siberian high
(SH) (Gong et al. 2001; Park et al. 2012). The SH ex-
perienced a pronounced decadal weakening in the late
1980s (Nakamura et al. 2002; Panagiotopoulos et al.
2005), which resulted in changes in the relative impor-
tance between theEAWMand ocean dynamics in driving
the regional sea surface temperature (SST) variability
(Park et al. 2012). For more background knowledge on
the EAWM, the reader is referred to some recent review
papers (e.g., Chang et al. 2011; Huang et al. 2012).
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In addition to the EAWM, the North Pacific Oscilla-
tion (NPO), a surface expression of the west Pacific
(WP) teleconnection pattern (Wallace andGutzler 1981),
is also known to influence thewinter SST variability in the
western North Pacific. For example, Yeh and Kim (2010)
claimed that the long-term winter SST variability in the
Yellow/East China Sea is best attributable to the NPO.
However, this is in contrast with Park et al. (2012) who
showed that winter SST anomalies averaged over the
East Asian marginal seas aremuch better correlated with
the EAWM than with theWP, although these indices are
significantly correlated to each other.
A precise knowledge of the interrelationship among
the EAWM, NPO/WP, and winter SST as well as the
relative importance of each atmospheric circulation pat-
tern for the spatial distribution of SST variability, together
with their time evolutions in different climate regimes, is
required for better understanding the atmosphere–ocean
interaction in the western North Pacific. The latter topic
has recently attracted an increasing interest especially in
the subpolar frontal regions of the western North Pacific,
such as in the Kuroshio–Oyashio Extension region (Kwon
et al. 2010; Frankignoul et al. 2011) and the Japan/East
Sea (JES) (Hirose et al. 2009; Yamamoto and Hirose
2011). We will show here that the nonstationary regime-
dependent relationship between the EAWM and NPO is
closely linked with the upper-level blocking activities over
the Ural and Kamchatka regions, of which the potential
underlying dynamics are analyzed in terms of regime-
dependent changes in storm tracks, tropical influence, and
stationary wave activity flux.
2. Data and atmospheric circulation indices
Two principal datasets used here for surface climate
include monthly SST and sea level pressure (SLP). The
Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST;Rayner et al. 2003; available online at
http://www.metoffice.gov.uk/hadobs/hadisst/) is used for
the SST. For SLP, we used the so-called Trenberth SLP
data (Trenberth and Paolino 1980) (http://rda.ucar.edu/
datasets/ds010.1/). In addition, we used the daily fields of
geopotential height at 300 hPa (Z300) and 500 hPa
(Z500) from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR)Reanalysis-1 (Kalnay et al. 1996) (http://
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
html) to investigate upper-level blocking events and
storm-track activity. We also used other supplementary
monthly-mean atmospheric data from theNCEP–NCAR,
which will be noted in appropriate places.
The SH index is defined as the area-mean SLP anom-
alies over the SH center (458–558N, 858–1058E) and the
EAWM index as the difference between the SH index
and area-mean SLP anomalies in the southeastern JES
(358–408N, 1358–1408E) following Park et al. (2012). The
NPO index is defined as the difference of SLP anomalies
between two centers of action (658N, 1708E and 258N,
1658E) following Wallace and Gutzler (1981). Note that
this NPO index has no significant difference (r 5 0.82)
from that suggested by Linkin and Nigam (2008), who
used the second principal component of SLPanomalies in
the North Pacific north of 208N. The Aleutian low (AL)
index is used as a synonym of the North Pacific index
defined as the area-mean SLP anomalies over the area
(308–658N, 1608E–1408W) following Trenberth and
Hurrell (1994). The WP index, Arctic Oscillation (AO)
index, and Pacific–NorthAmerican (PNA) teleconnection
pattern index are taken from the National Oceanic and
Atmospheric Administration (NOAA)/Climate Prediction
Center website (http://www.cpc.ncep.noaa.gov/data/teledoc/
telecontents.shtml). The El Niño–Southern Oscillation
(ENSO) index we used is the multivariate ENSO index
(MEI) from the NOAA/Earth System Research Labo-
ratory website (http://www.esrl.noaa.gov/psd/enso/mei/).
In this study, we focus on the climate variability during
boreal winter—December through February (DJF) for
atmospheric variables and January through March
(JFM) for SST, if not otherwise stated—for 48 winters
between 1965 and 2012. Our convention of year corre-
sponds to that containing January.
3. Regime-dependent relationship between
EAWM and NPO
a. Regime shifts and corresponding relationship
between EAWM and NPO
To objectively determine the exact regime shifts that
occurred during the past several decades in the North
Pacific, we applied the sequential t-test analysis of re-
gime shift (Rodionov 2004) using the code from NOAA
(http://www.beringclimate.noaa.gov/regimes/; see Fig. 1
caption for the parameters used for the analysis). This
method uses a sequential data processing technique so
that it exhibits a limitation of the solution being less reli-
able if a regime shift is too close to the end of a time series,
as commonly encountered by other regime shift detection
methods. See Rodionov (2004) for more details.
Figure 1a shows the results for different indices dis-
cussed here together with the corresponding normalized
cumulative sums. The cumulative sum has been known
to be very useful for a visual validation of regime shifts
(Tian et al. 2008), and we observe in fact that all de-
tected regime shifts coincide within 61 yr with the ex-
tremes of the cumulative sum. A major regime shift in
the four dominant climate indices of the western North
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Pacific (EAWM, NPO, SH, and WP) occurred between
1987 and 1989. For the sake of simplicity in the sub-
sequent analyses, we take the year 1988 as the repre-
sentative regime shift common to these four indices. The
1988 regime shift detected in Fig. 1a is consistent with
Wang et al. (2009). Furthermore, there is evidence of the
latest regime shift around 2010 for all four indices, al-
though it should be interpreted with caution because of
the limited data length after 2010. Accordingly, we de-
fine two distinct winter climate regimes in the western
North Pacific: a strong monsoon regime during 1965–87
and a weak monsoon regime during 1988–2010.
Supplementary analysis with the dominant tele-
connection patterns in the eastern North Pacific such as
theAL index and the PNA index reveals the well-known
1976/77 regime shift (see Fig. 1a), in good agreement with
Hare and Mantua (2000). These authors and Yeh et al.
(2011) reported another major regime shift in 1988/89 in
the North Pacific SST. We note here that the latter re-
gime shift around 1988 is found in the dominant climate
indices in the western North Pacific while that around
1977 is found in the eastern North Pacific. Although
Wang et al. (2007) showed that the typical periodicity of
the NPO changed from 3 yr before 1976 to 5–6 yr af-
terward, we do not find any clear evidence of its regime
shift around 1976 (see Fig. 1). Note that the 1988 re-
gime shift is also observed in the AO index and no
regime shift is detected in the ENSO index. Finally,
there is evidence of the latest regime shift around 2010
for all indices but one (PNA).
The 11-yr running correlation coefficient between the
EAWM and NPO indicates that the two indices were
not always well correlated with each other (Fig. 1b) but
their relationship reveals pronounced low-frequency
variations, suggesting in particular insignificant corre-
lations before the early 1970s, largely consistent with
Wang et al. (2007), and in the 1990s. The EAWM–NPO
correlation as well as the EAWM intensity recovered
gradually since the early 2000s, the latter being also
consistent with Wang and Chen (2014a). Similar results
are obtained with varying window size between 9 and
15 yr. All correlation coefficients shown in this paper
have been calculated with detrended data for each sub-
period. It is remarkable that the transition from signifi-
cant to insignificant correlations occurred very close to
the 1988 regime shift. As we are interested here in the
nonstationary relationship between the EAWM and
NPO, we select two contrasting 15-yr-long epochs before
and after the 1988 regime shift, with a significant corre-
lation versus an insignificant one as the strong monsoon–
high correlation (SM–HC) epoch (1973–87) and the weak
monsoon–low correlation (WM–LC) epoch (1988–2002).
If not explicitly stated otherwise, the regime-dependent
FIG. 1. (a) Climate regime shift determination (red) from nor-
malized climate indices (black) based on Rodionov (2004), together
with normalized cumulative sums (dotted gray). For the regime shift
determination, the following parameters are used: cutoff length in yr5
10; probability level 5 0.15; and Huber weight (or outlier) in
standard deviation 5 1.5. (b) 11-yr running correlation coefficient
(red) between the EAWM (solid black) and negative NPO (dotted
black) indices. The horizontal dotted red line indicates the 95%
confidence level, with a constant degree of freedom equal to 9.
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comparison described hereafter should be understood as
using the above two epochs, which will be clearer in the
text. Indeed, during the SM–HC epoch, the EAWM
index is practically indistinguishable from the NPO in-
dex (r 5 20.89), while the two indices became nearly
independent (r 5 20.11) during the WM–LC epoch
(Table 1). The SH–NPO pair shows similar results, al-
beit with somewhat weaker correlations compared to
the EAWM–NPO pair. The WP is generally better
correlated than NPO with both the EAWM and SH.
b. Regime-dependent impact of EAWM and NPO
on the SST
During the entire analysis period (1965–2012), the
EAWM and NPO were equally well projected onto the
regional SST variability (Figs. 2a,d). However, a close
inspection shows a subtle difference; theEAWMis slightly
more influential in the East Asian marginal seas, whereas
the NPO is a little better projected in the Kuroshio re-
circulation region and in the subpolar gyre region south-
east of Kamchatka. This can be best seen in the difference
map of squared correlations (Fig. 2g). The magnitude of
the SST anomaly associated with the EAWMandNPO in
the western North Pacific is typically 0.48–0.78C in the
marginal seas and 0.28–0.38C in the open ocean gyre re-
gions, as revealed from a regression (not shown).
The SST projection of the EAWM and NPO during
the SM–HC epoch (1973–87) reveals nearly the same
pattern but with somewhat overall higher correlations
compared to that of the entire period (Figs. 2b,e,h). The
most striking feature during the WM–LC epoch (1988–
2002) is that the impact of the EAWM was weakened
and shrunk remarkably into a limited area in the East
China Sea and southern JES (Fig. 2c). The impact of the
NPOwas also muchweakened especially in the Kuroshio
recirculation region but slightly strengthened in the sub-
polar gyre region (Figs. 2f,i), showing a clearer geo-
graphical separation from the EAWM impact, consistent
with their insignificant correlation during the WM–LC
epoch (see Table 1).
c. Regime-dependent changes of SH and atmospheric
circulation
As the EAWM index is very highly correlated (r 5
0.77–0.95) with the SH index (Park et al. 2012; see also
Table 1), we will analyze below the regime-dependent
influence of the SH (as a proxy of the EAWM) in re-
lation to that of theNPO. The SH center is located to the
southwest of Baikal Lake, with its easternmost exten-
sion over northeastern Siberia reaching as far east as the
Bering Strait (Fig. 3a). The subpolar center of the NPO
is located at the northwestern border of the AL system,
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its subtropical center is found near the Kuroshio re-
circulation gyre. At the 500 hPa, the SH center and the
subpolar center of the NPO are found respectively up-
stream and downstream of the well-developed East
Asian trough (Fig. 4a).
During the SM–HC epoch (1973–87), the correlation
map of SLP with the SH index (Fig. 5a) shows that the
area with significant correlations extended far eastward,
revealing a high and same sign (opposite sign) correla-
tion with the subpolar (subtropical) center of the NPO,
showing a tight linkage between the two circulation pat-
terns. This tight connection can be verified when corre-
lations are calculated in reference to the NPO index
(Fig. 5c). During the WM–LC epoch (1988–2002), on the
contrary, the area with significant correlations with the
SH index shrank radically around the SH center, thus
disconnected completely from the two centers of the
NPO (Fig. 5b). Similar comments on such a disconnec-
tion can bemade in reference to the NPO index (Fig. 5d).
Figures 3b and4b suggest that the change in theEAWM–
NPO relationship between the two epochs is associated
with the hemispheric (planetary wave–like) changes in
epoch-mean SLP and Z500 anomalies, which are su-
perimposed on the overall opposite changes between
the polar and middle latitudes. The latter feature in
Fig. 3b resembles the spatial pattern of SLP anomalies
during a positive phase of the AO, which has intensified
substantially after the 1988 regime shift (e.g., Yeh et al.
2011, among others). Most noticeable among the mid-
latitude changes relevant to our study is the abnormal
weakening of SLP over the Eurasian continent, espe-
cially around the SH center during the WM–LC epoch,
which is paired with a concomitant weakening of the
southeastern part of the AL system over the eastern
North Pacific, consistent with Yeh et al. (2011). These
surface circulation changes between the two epochs over
the Eurasian continent and North Pacific are more
clearly visible in the upper-level circulation represented
by changes in Z500 (Fig. 4b), with a pair of northwest–
southeast oriented opposite centers of action over
Siberia and an another pair of north–south oriented
opposite centers at about 1708Win theNorth Pacific.We
will show below that these are well linked to upper-level
blocking features.
FIG. 2. Correlation coefficients of JFMSST anomalies with (a)–(c) theEAWMand (d)–(f) the negativeNPO for three different periods,
with significant correlations at the 95%confidence levelmarkedwith the thicker curves. The effective degrees of freedom (e.g., Emery and
Thomson 1997) are estimated at each grid point. (g)–(i) Difference map of squared correlations (red color for the EAWM dominant
regions), with a significant difference (at 90%) shaded with a stronger tone.
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4. Ural and Kamchatka blockings controlling
SH/EAWM and NPO
Takaya and Nakamura (2005a) pointed out that in-
traseasonal amplification of the SH can be caused by
upper-level blocking over Siberia west of the climato-
logical upper-level trough over the Far East, called
‘‘wave train’’ (Atlantic origin) type, which occurs in turn
by amplification of quasi-stationary Rossby wave train
coming from the Euro–Atlantic sector. Takaya and
FIG. 3. (a) Climatological winter-mean SLP (in hPa) in the Northern Hemisphere north of
208N during 1965–2012. The SH center (blue square) and the two centers of the NPO (red
crosses) are indicated. (b) Winter SLP difference between two contrasting epochs: WM–LC
(1988–2002) minus SM–HC (1973–87).
FIG. 4. (a) Climatological winter-mean Z500 (in m) in the Northern Hemisphere north of
208N during 1965–2012. (b) Winter Z500 difference between two contrasting epochs: WM–LC
(1988–2002) minus SM–HC (1973–87).
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Nakamura (2005b) further suggested that the blocking
to the east of the trough, called ‘‘Pacific origin’’ type, also
affects the SH especially in the northeastern Siberia re-
gion. For the commodity of naming according to the rep-
resentative landmark in the vicinity of the above two
blockings, we will refer to them in the present paper as
‘‘Ural blocking’’ and ‘‘Kamchatka blocking,’’ respectively.
A blocking index (BI) is calculated as the normalized
projection of monthly Z500 anomaly patterns onto the





where DZb is the winter composite of daily Z500
anomaly fields corresponding to the days of blocking
events based on Barriopedro et al.’s (2006) criteria ap-
plied over a selected blocking sector, DZm is the
monthly-mean Z500 anomaly field, and the brackets
denote an inner product over a given projection area in
each winter. We defined the Ural (Kamchatka) blocking
sector as 408–808E (1408E–1808) with a reference lati-
tude of 608N.
Figures 6a and 6c represent the composited blocking
pattern DZb during 1965–2012 over the projection
area for the Ural blocking (308–858N, 308W–1508E) and
Kamchatkablocking (308–858N,708E–1108W), respectively.
The Ural blocking (at 500hPa) is characterized by a well-
defined blocking high over the Ural Mountains, which is
associated with a downstream low over the surface high SH
center (see also Figs. 3b and 4b), while the Kamchatka
blocking reveals a north–south dipole pattern, very similar
to that of the WP/NPO (Wallace and Gutzler 1981).
Consistent with Wang et al. (2010), the Ural blocking
index is highly correlated with the SH index (r 5 0.70;
Fig. 6b). As expected, it is also highly correlated with the
EAWM index (r5 0.68). Takaya and Nakamura (2005a)
showed that the SH amplification is achieved through
vertical coupling in which upper-level potential vorticity
anomalies associated with the wave train induce anom-
alous cold advection in the downstream side of a blocking
ridge, reinforcing the preexistent cold anticyclonic
anomalies at the surface. TheKamchatka blocking is very
tightly linked to theNPO (r520.82; Fig. 6d), which is, to
our knowledge, first to be reported. Furthermore, the
Kamchatka blocking can be interpreted as the WP itself
because their correlation reaches as much as 20.92, in
addition to the very similar dipole pattern mentioned
above. During the SM–HC epoch, the Ural and Kam-
chatka blocking indices were highly correlated (r5 0.76)
to each other, while their correlation practically vanished
(r5 0.18) during the WM–LC epoch, in good agreement
with the results from the SLP data (see Fig. 5).
5. Regime-dependent dynamics associated with the
nonstationary relationship
a. Potential factors affecting the wintertime stationary
waves: A review
The mechanism responsible for the nonstationary
relationship between the EAWMandNPOhas not been
FIG. 5. (a),(b) Correlation maps of SLP anomalies with the SH index for the SM–HC epoch (1973–87) and the
WM–LC epoch (1988–2002), respectively. (c),(d) As in (a),(b), but for the NPO index. The areas with significant
correlations at the 95% confidence level are shaded.
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addressed previously but constitutes the most chal-
lenging issue. To get some useful information on it from
the observational data, it is necessary to document first
the possible causes of the 1988 regime shift of the in-
dividual index. For the EAWM case, several hypotheses
have been advanced for the recent decline of the SH/
EAWM since the late 1980s: reduction of continent
blockings over the Ural Mountains region (Wang et al.
2010) associated with changing quasi-stationary Rossby
wave train coming from the Euro–Atlantic sector
(Takaya and Nakamura 2005a); global warming (Hori
and Ueda 2006); and reduction of Arctic sea ice cover
and the associated Arctic warming (Li et al. 2014). In
contrast, few studies have addressed the causes of the
1988 regime shift of the NPO. In an effort to find some
observational evidence of dynamics underlying the re-
gime shift in question, major potential factors affecting
the wintertime stationary waves are reviewed below.
The NPO/WP and AL/PNA are two representative
wintertime stationary wave patterns in theNorth Pacific,
each concentrated in the western and eastern basins,
respectively. According to the theoretical and modeling
study ofHeld et al. (2002), there are three forcing factors
affecting the northern winter stationary waves: namely,
orography, diabatic heating, and momentum transients.
The Tibetan Plateau exerts the most important oro-
graphic forcing in the EAWM sector, generating wave
trains, with a part refracting strongly into the tropics and
a part propagating poleward before arcing toward the
tropics. The most conspicuous anomaly center in the
midtropospheric circulation associated with the Tibetan
orographic forcing may be a well-defined negative (cy-
clonic) center located just north of the Korean Peninsula
(458N, 1258E), which is paired with a tropical positive
(anticyclonic) center (208N, 1308E) (Fig. 3 of Held et al.
2002). As the linear response to orography is approxi-
mately proportional to the strength of the low-level
mean winds (Held and Ting 1990), the former cyclonic
center can be interpreted as the manifestation of the
deepened East Asian trough (see Fig. 4a), the intensity
of which is well correlated with that of the EAWM
(Wang and Chen 2010).
There are two major heating sources in the North
Pacific: tropical heating (south of 258N) and extra-
tropical heating (north of 258N) mostly centered in the
Kuroshio–Oyashio Extension region (Fig. 8 of Held
et al. 2002). Tropical heating involves deep vertical
motion and upper-level divergence that generates
poleward-propagating Rossby waves and presents two
major sources: one in the western tropical warm pool
region near the Philippines and the other in the central
equatorial region. The western tropical heating source
seems to generate the NPO-like teleconnection pattern,
with wave train–like upper-level circulation anomalies
developed along the east coast of East Asia, with a trop-
ical anticyclonic center just north of the Philippines and
a cyclonic center in the JES (Fig. 16d of Jin and Hoskins
1995). These show the same signs and are located nearly
FIG. 6. Blocking pattern DZb (in m) over the projection area for (a) the Ural blocking and (c) the Kamchatka
blocking. Comparison between (b) the Ural blocking index (UBI; solid) and SH index (SHI; dotted) and (d) the
Kamchatka blocking index (KBI; solid) and negative NPO index (NPOI; dotted).
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in the same area as the Tibetan wave train. In addition,
a high-latitude anticyclonic center is found just west of
Kamchatka. The central equatorial heating source, which
should bemost effective during theElNiño (warm) phase
of ENSO, displays a PNA-like wave train in the eastern
basin having a roughly opposite phase compared to the
western NPO-like wave train, with a cyclonic center near
Hawaii, an anticyclonic center in the Gulf of Alaska, and
a cyclonic center over western Canada (Fig. 16a of Jin and
Hoskins 1995).
Storm tracks are thought to play a significant role in
the extratropical wave train forced by El Niño and the
direct effect of tropical forcing should be large in the jet
exit region (easternNorth Paciﬁc basin), where the storm-
track eddy momentum ﬂuxes are concentrated (Held
et al. 2002). Storm-track variability is believed to be
composed of all of above factors, as part of it is internal
atmospheric noise, part of it is tropically driven, and part
of it is impacted by ocean–atmosphere coupling (Kwon
et al. 2010). So it can be used as a diagnostic to show
which influence dominates.
Following the above short review, we will explore in
the following subsections supplementary observational
evidence associated with different dynamics underlying
changes for two periods before and after the regime
shift, which is a prerequisite to better understand the
mechanism of the regime shift itself. A tentative syn-
thesis of the latter mechanism is given at the end of
section 5d.
b. Evolution of storm tracks across the regime shift
Figure 7 shows the spatial distribution of storm-track
activity measured by 2–6-day bandpass filtered Z300
variance for the SM–HC andWM–LC periods as well as
their difference (WM–LC minus SM–HC). For both
periods, zonally elongated storm tracks are developed
along ;408N, with their peaks being located in the
central basin close to the date line. Compared to the
SM–HC period, the storm tracks during the WM–LC
period were strengthened significantly and extended far
eastward into the eastern basin, whereas a noticeable
weakening is observed at higher latitudes at the north-
eastern corner of Siberia (Fig. 7c).
Figure 8 shows two leading empirical orthogonal
functions (EOFs) and corresponding principal compo-
nents (PCs) of storm tracks for the entire analysis period
(1965–2012). The EOF1 shows a zonally elongated
monopole developed along 408N in the central basin,
a feature very similar to the raw storm-track pattern
(Fig. 7), whereas the EOF2 reveals a north–south dipole
pattern straddling a nodal line at 408N, mostly confined
within the eastern basin east of the date line. In-
terestingly, the PC1 (Fig. 8b) reveals a clear regime shift
around 1987, much the same as the NPO shown in Fig. 1,
which can be easily verified by the corresponding SLP
regression (not shown). On the other hand, the PC2
(Fig. 8d), which is associated with the AL (or PNA)-like
SLP pattern, shows dual regime shifts in 1977 and 1987,
although such is somewhat at odd with the unique re-
gime shift of AL and PNA in 1977 seen in Fig. 1.
When the SLP is regressed on the storm-track PC1
separately for the SM–HC andWM–LC (Figs. 9a,c), the
NPO-like pattern during the latter period shifts east-
ward by up to 208 in longitude compared to the former
FIG. 7. Time-mean storm-track intensity measured by 2–6-day
bandpass filteredZ300 variance for the (a) SM–HCand (b)WM–LC
periods. Contour interval is 600m2 and the area of intensity over
4800m2 is darkly shaded. (c) Difference in intensity between the
two periods, with the contour interval of 200m2 and negative
anomalies shown by dotted lines.
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period. Also, the northwest–southeast oriented nodal
line during the SM–HCbecomes nearly zonal because of its
northward shift in the eastern basin during the WM–LC.
Note that the SLP regression pattern in SM–HC is very
close to the NPO defined by Wallace and Gutzler
(1981), while the one in the WM–LC is similar to the
EOF2 pattern shown by Linkin and Nigam (2008) and
Ceballos et al. (2009). A similar eastward shift is also
observed in the EOF2 of Z500 anomalies in the latter
period (cf. Figs. 9b,d).
One is tempted to interpret Fig. 9, which shows storm-
track-related circulation patterns, as the eastward-shifting
NPO pattern because of its similar projection onto the
latter pattern. However, the NPO as defined in the pres-
ent paper according to Wallace and Gutzler (1981) does
not show any eastward shift (see Figs. 5c,d). On the other
hand, Zhu and Sun (1999) showed previously that ENSO
exerts an important influence on the maintenance and
development of the North Pacific winter storm track. We
will test below this possibility and show in effect that the
observed eastward shift of intensified storm track and its
related tropospheric circulation pattern during the WM–
LC is consistent with a significant eastward shift of the
ENSO influence toward the eastern basin.
c. Evolution of tropical influence across the regime
shift
Todocument the regime-dependent tropical–extratropical
connection, we present in Fig. 10 lag correlations of the
winter (DJF)-meanEAWMandNPO indices relative to
the lagged 3-month-mean MEI (representing the sea-
sonal ENSO forcing) for two contrasting periods before
and after the regime shift. This is done by successively
sliding the MEI time series by 1 month over a total lag
range of 62 yr such that a positive (negative) lag in-
dicating the EAWM/NPO (ENSO) leading. During the
SM–HC, the most significant correlation is observed at
the zero lag for both the EAWMandNPO, although the
NPO shows a much tighter connection with ENSO (r5
0.76: significant at more than the 99% level) compared
to a moderate EAWM–MEI relationship (r 5 0.53:
significant at the 95% level but not exceeding the 99%
level). The observed rapid decrease in correlation with
increasing lag in either positive or negative direction
with an insignificant correlation at a few months of lag
may attest the simultaneous EAWM–ENSO and NPO–
ENSO connections. Furthermore, as the EAWM and
NPO are highly correlated during the SM–HC as al-
ready shown, Fig. 10a may suggest a possibility of the
simultaneous EAWM–ENSO–NPO triple connection in
this period.
In great contrast to this, in the WM–LC no significant
correlation between the ENSO and EAWM or NPO
appears at any lag, except for one exception of a mod-
erate correlation (r 5 0.50) with the EAWM at a lag of
21 yr, which indicates that the preceding winter ENSO
affects somewhat the contemporaneous EAWM. How-
ever, such is not observed in the SM–HC, during which
FIG. 8. Storm-track EOFand corresponding PC for the (a),(b) firstmode and (c),(d) secondmode. Contour interval is
300m2 and negative values are dotted in (a),(c). Regime shift determination is shown by thick lines in (b),(d).
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there is evidence that the contemporaneous EAWM
rather affects ENSO marginally (r 5 0.45) in two years.
On the other hand, except for the highest correlation
centered at the zero lag in the SM–HC, no significant
lagged correlation is observed between the NPO and
ENSO for both periods. Though not significant at the
95% level, the strongest correlation (r;20.4) between
the NPO and ENSO during the WM–LC occurs when
the NPO leads ENSO by about 1 yr, which might sup-
port the seasonal footprinting mechanism of Vimont
et al. (2003). However, such is not observed for the SM–
LC, during which the 1-yr lag correlation between the
two indices is close to zero, suggesting that the NPO
feedback on ENSO is not a robust feature in our anal-
ysis. We will focus below on the simultaneous relation-
ship between ENSO and both the NPO and EAWM.
Figure 11 illustrates the maps of contemporaneous
correlation of winter Z300, Z500, and SLP anomaly
fields relative to theMEI separately for the SM–HC and
WM–LC. For these two periods, both common and
contrasting features appear. As expected, the most
widespread and significant positive correlation with
ENSO is found in the tropics south of 208N regardless of
the tropospheric levels and periods, except for the SLP
in the eastern tropics, where the sign is reversed, in line
with the classical ENSO definition. The most remark-
able difference between the two periods is that in the
SM–HC the significant tropical influence extends much
farther northward up to 408N in the western boundary
region (including the Kuroshio recirculation region and
the JES) compared to its near-zonal poleward limit at
;208N during the WM–LC. This is accompanied with
a maximum negative correlation near the northern NPO
center in the former period (Figs. 11a,c), which is in great
contrast to its absence in the latter period (Figs. 11b,d).
On the other hand, another negative maximum centered
at (408N, 1408W) in the eastern basin is paired with
a positive pole found over northeast Canada, which is
a common feature to both periods but with a slight in-
tensification in the latter period. This feature is most ev-
ident in theZ300 andZ500maps and resemblesmuch the
PNA teleconnection pattern.
Concerning the SLP maps, we remark that in the SM–
HC (Fig. 11e) both the northern and southern NPO
centers are well correlated with ENSO, with a significant
negative correlation at the northern center extending
westward to the SH center. This is consistent with the
observed significant triple correlations among the
EAWM,NPO, and ENSO during the SM–HC (see Table
1). In contrast, this triple connection vanishes in theWM–
LC (Fig. 11f) during which the ENSO influence disap-
pears at both the northernNPOcenter and the SHcenter,
although a significant but somewhat weakened ENSO
influence is still visible at the southern NPO center.
FIG. 9. Regression maps of anomalous winter SLP on the storm-track PC1 for the (a) SM–HC and (c) WM–LC
periods. EOF2 of anomalous winter Z500 for the (b) SM–HC and (d) WM–LC periods. Contour intervals are
0.5 hPa for (a),(c) and 5m for (b),(d). Crosses represent the two centers of action of NPO according toWallace and
Gutzler (1981), whereas black circles are those from the mapped patterns.
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In summary, our analysis suggests a significant si-
multaneous triple connection among the EAWM, NPO,
and ENSO in the western North Pacific during the SM–
HC, which vanishes in the WM–LC, during which the
ENSO influence is more preferentially projected onto
the PNA-like pattern in the eastern basin. Finally, it is
interesting to relate Fig. 11 with Fig. 9 as both show
a clear eastward shift of extratropical circulation pat-
terns in the WM–LC compared to the SM–HC, so that
the decadal changes of storm-track-associated patterns
(Fig. 9) could be partly explained by the ENSO pattern
(Fig. 11), although the ENSO index itself does not show
any decadal shift around 1988 (Fig. 1).
d. A tentative mechanism for the nonstationarity
Thehorizontal componentof stationarywaveactivity flux
(Plumb1985) is a useful diagnostic for identifying the source
andpropagationof anomalous quasi-stationarywaves in the
middle to upper troposphere (Karoly et al. 1989). To better
understand the regime-dependent tropical–extratropical
connection in the western North Pacific in terms of
stationary wave activity flux, we regressed winter Z500
anomalies on the WP index for the SM–HC and WM–
LC and calculated the regime-dependent stationary
wave activity flux according to the approach of Karoly
et al. (1989). A similar analysis but for the NPO for
different periods has been previously discussed byWang
et al. (2007). Figure 12 shows the wave activity flux at
500 hPa associated with the WP pattern in the two
contrasting periods as well as their difference (SM–HC
minus WM–LC). During the SM–HC (Fig. 12a), the
WP-regressed anomalousZ500 field reveals high-latitude
negative anomalies that are widely developed over entire
northern Eurasia, from west Russia, passing through Si-
beria, to the Bering Strait. This widespread negative
anomaly field contains two centers: one near the Ural
blocking center and the other near the Kamchatka
blocking center. Associated with the Ural blocking is the
wave activity flux coming from Scandinavia, showing
a gradual equatorward bending downstream of the
blocking, a feature largely consistent with the wave ac-
tivity flux associated with the amplification of the Sibe-
rian high described in Takaya and Nakamura (2005a).
On the other hand, in the Kamchatka blocking case
the incoming poleward wave activity flux propagates
northward across the East China Sea and JES, where the
flux intensifies substantially and bends progressively
northeastward before arriving at the north of Kamchatka.
This represents a remarkable poleward wave activity flux
originating from the subtropics. Note that the propaga-
tion of Rossby waves depends on the basic state and the
region of mean westerlies (easterlies) in the extratropical
(tropical) western North Pacific is favorable (unfavor-
able) for their propagation (Dawson et al. 2011). Note
also that the amplification of wave activity over the JES is
consistent with Yamamoto and Hirose (2011), who sug-
gested a tight dynamic link between the JES cold SST and
the enhancement of the Okhotsk low, although such
a link is inconclusive in a more recent work by Seo et al.
(2014). At midlatitudes, there is a wave train–like anom-
alous Z500 pattern that developed all the way from the
central North Pacific to the central North Atlantic, with
associated wave activity propagating dominantly eastward
between the two oceans across North America.
In contrast, the WP-regressed anomalous Z500 field
for the WM–LC (Fig. 12b) is mostly confined within the
North Pacific basin and eastern Siberia, with associated
wave activity flux remarkably weakening by a factor of
2 or more compared to the former period. Also, there is
no evidence of the poleward propagation of wave activity
along the western margin, nor of the eastward propa-
gation of the midlatitude wave train–like feature be-
tween the Pacific andAtlantic basins, in stark contrast to
the SM–HC epoch. We suggest, therefore, that the
tropical–extratropical teleconnection associated with
the WP pattern of anomalous atmospheric circulation
can be achieved via the propagation of stationary wave
activity along the western margin of the North Pacific,
FIG. 10. Lag correlations of the EAWM index (solid line) and
NPO index (thick dotted line) with lagged ENSO index (MEI) for
the (a) SM–HC and (b)WM–LC periods. Confidence levels at 95%
and 99% are indicated by horizontal thin dotted lines. Lag is in
months and a negative (positive) lag means that the ENSO leads
(lags) the EAWM or NPO.
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a mechanism valid for the SM–HC but not for the WM–
LC period.
To understand why there is a regime-dependent pole-
ward flux of stationary wave activity in the western
margin of the North Pacific we examine in Fig. 13
anomalous SLP, surface winds, and surface air tempera-
ture regressed on both the EAWM and negative ENSO
indices for the SM–HC and WM–LC as well as their
difference (SM–HC minus WM–LC). The negative
(positive) ENSO index corresponds to the La Niña (El
Niño) phase of ENSO and is used here to compare better,
with the inﬂuence of the EAWM having generally a si-
multaneous negative correlation with ENSO (Fig. 10).
Although in the extratropics there are interesting fea-
tures of the NPO-dominant EAWM-related pattern in
the western North Pacific during the SM–HC (Fig. 13a as
compared to Fig. 13b) and the PNA-dominant ENSO-
related pattern in the eastern basin during the WM–LC
(Fig. 13e as compared to Fig. 13d), we focus here on the
regime-dependent tropical patterns in surface variables
because we are mostly interested in tropical heating
sources.
TheEAWM- andENSO (LaNiña)-related patterns in
the tropics south of 208N during the SM–HC (Figs. 13a,d)
are very similar, with both showing a widespread sur-
face air cooling associated with anomalous easterlies
over the central and eastern tropical Pacific and anom-
alous westerlies over the eastern tropical Indian Ocean.
In addition, both patterns show an isolated tropical
warming in the Philippine Sea, which extends toward the
subtropical central North Pacific along with anomalous
southwesterlies originating from the equator between
1308 and 1608E. There is evidence in both patterns of an
anomalous cyclonic circulation centered near the Phil-
ippines (108N, 1258E), with cold northerlies in the South
China Sea and warm southerlies in the Philippine Sea.
The observed high degree of similarity between the
EAWM- and La Niña–related tropical patterns during
the SM–HC is consistent with the Pacific–East Asian
teleconnection mechanism of Wang et al. (2000), who
argued that the anomalous Philippine Sea cyclone (anti-
cyclone) links the central tropical Pacific cooling
(warming) and strong (weak) EAWM.Wang et al. (2000)
further mentioned that the anomalous Philippine Sea
cyclone is associated with enhanced convective heating
and promotes anomalous upward motion, inducing
upper-level divergence. In contrast, during the WM–LC,
both the Philippine Sea cyclone and associated warming
FIG. 11. Maps of correlation of the ENSO index with anomalous winter (DJF) NCEP (a),(b) Z300; (c),(d) Z500;
and (e),(f) SLP for the (left) SM–HC and (right) WM–LC periods. Shading indicates the areas of significant cor-
relation above the 95% level. Centers of action for the SH and NPO are marked by black squares and crosses,
respectively.
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disappear in the EAWM pattern (Fig. 13b), while the
nearly identical or even slightly enhanced warming
compared to the SM–HC is observed in the ENSO
pattern (Fig. 13e). This similarity of tropical ENSO
pattern for the two periods is consistent with the
already-mentioned nonexistence of the 1988 regime
shift for ENSO. This information may suggest that the
Pacific–East Asian teleconnection mechanism works
well for the SM–HC but does not hold for theWM–LC,
consistent with the contrasting correlations between
the EAWM and ENSO during the two periods (see
Table 1).
Finally, we examine the regime-dependent propaga-
tion of Rossby waves. Surface heating especially in the
tropics drives anomalous convection, which releases la-
tent heat, and the surface precipitation rate is a useful
parameter to measure the vertically integrated latent
heat release (Dawson et al. 2011). Also, a series of al-
ternating upper-level divergence (associated with con-
vection) and convergence (associated with subsidence)
can be generated by a propagating Rossby wave train.
However, the surface precipitation rate depends greatly
on the weather conditions especially on the presence of
cyclones and storms (Trenberth 2011); thus, the vertical
motion (convection/subsidence) inferred from it might
be much biased by extratropical storm-track activity.
Therefore, we instead used the total precipitable water
(TPW), which is believed to be less sensitive to storm-
track activity, to infer propagating Rossby waves, as-
suming that a positive (negative) TPW may correspond
to an upper-level divergence (convergence) centered at
an anomalous anticyclone (cyclone) in the upper-level
circulation field. With this idea in mind, we show in
Fig. 14 maps of correlation between the TPW at each
data point and three climate indices (EAWM, 2NPO,
and 2ENSO) for the SM–HC (Figs. 14a,c,e) and WM–
LC (Figs. 14b,d,f). The monthly TPW data we used are
from the NCEP–NCAR Reanalysis-1 mentioned in
section 2. During the SM–HC, there clearly are three
well-defined centers of alternating positive–negative–
positive TPWanomalies along the westernmargin of the
North Pacific, each located in the vicinity of the Philip-
pines, the Korean Peninsula, and the Okhotsk Sea. The
latter places correspond reasonably well to the theo-
retical Rossby wave train forced by a western Pacific
equatorial heating source placed at 1208E in Jin and
Hoskins (1995, their Fig. 16d). We note, however, the
tropical–extratropical teleconnection along the western
margin is significantly stronger and more widely de-
veloped in the EAWM- and NPO-related patterns
(Figs. 14a,c), which reveal nearly the same feature, than
in the ENSO pattern (Fig. 14e). This might be related to
a positive combination or near-resonant interaction
(Held et al. 2002) between the tropical heating-induced
Rossby wave train and the Tibetan orography-induced
anomalous cyclone of the East Asian trough, which
should yield stationary waves much stronger than those
generated by tropical heating alone.
During the WM–LC, the western margin tele-
connection weakens considerably in all three patterns
(Figs. 14b,d,f) and there appears to be no complete
connection between the tropics and high latitudes, with
the interruption occurring in the vicinity of the Korean
Peninsula. This interruption is associated with a signifi-
cant weakening of the East Asian trough during the
WM–LC (see Fig. 4b for a pronounced anomalous Z500
anticyclone centered at 458N, 1258E), which combines
negatively (or destructively) with the tropical heating-
induced wave train, thus inhibiting the latter from
propagating farther northward. The clearest example
for this may be the ENSO pattern (Fig. 14f) showing no
evidence of the northward propagation of the Philip-
pine Sea signal despite a slightly enhanced TPW in the
Philippine Sea during the WM–LC, which is rather
consistent with a slightly enhanced surface air tem-
perature (Fig. 13e). In addition, the NPO pattern
FIG. 12. Stationary wave activity flux (in m2 s22; scale is given in
the top-right corner) superimposed on the anomalous winter Z500
field regressed on the WP index for the (a) SM–HC and (b) WM–
LC periods. (c) Difference in wave activity flux between the two
periods.
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during the WM–LC (Fig. 14d) is mostly disconnected
from the tropics. On the other hand, there is an east-
ward shift of the significant Okhotsk signal toward the
eastern basin, which is likely related to the eastward
shift of the storm-track pattern (Fig. 9), which is in turn
partly explained by the eastward intensified ENSO
pattern during the WM–LC (Fig. 14f), as mentioned
previously.
Based on the above analyses, a tentative mechanism
for the nonstationary relationship between the EAWM
and NPO is proposed as follows: During the SM–HC,
the East Asian trough deepens because of the
strengthened Tibetan orographic forcing under strong
monsoon winds, creating an anomalous upper-level
cyclone north of the Korean Peninsula (Fig. 4b; the
sign is to be reversed for the SM–HC anomalies). The
latter cyclone is in phase with the Rossby wave train
generated by tropical heating in the Philippine Sea
(Figs. 11c and 12a), thus reinforcing the latter by a near-
resonant effect. This intensified tropical–extratropical
teleconnection along the western margin, as clearly
evidenced by the northward-propagating signifi-
cant wave activity flux (Fig. 12), makes a tight triple
connection among the EAWM, NPO, and ENSO
during the SM–HC. On the other hand, the abrupt
decline of the EAWM after the 1988 regime shift in-
duces a concomitant weakening of the East Asian trough,
creating a pronounced anomalous anticyclone north of
the Korean Peninsula (Fig. 4b), which is in opposite phase
with the Rossby wave train originating from the tropics,
thus inhibiting the wave train from propagating farther
northward. Therefore, the connection between the
EAWM and NPO through the tropical teleconnection
along the western margin breaks down in theWM–LC. In
addition, the eastward shift of the storm track and the
associated circulation pattern in the WM–LC (also as-
sociated with the tropical teleconnection) may further
unfavor the tight connection between EAWM and
NPO. Our analysis highlights the pivotal role played by
a decadal shift of the East Asian trough, an immediate
consequence of the 1988 regime shift of the EAWM.
We may conclude therefore that the primary cause of
the nonstationary relationship between the EAWM
and NPO is the recent abrupt decline of the EAWM
since the late 1980s, if one admits the latter decline as
a starting point of discussion, although the latter issue is
currently the subject of active research as mentioned in
section 5a.
FIG. 13. Regression of anomalous winter surface air temperature (color shading), SLP (contour), and surface
winds (arrow) on the EAWM index during the (a) SM–HC and (b)WM–LCperiods and (c) their difference. (d)–(f)
As in (a)–(c), but on the negative ENSO index. Contour interval for SLP is 0.5 hPa and the scales for temperature
and winds are indicated.
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6. Summary and discussion
a. The 1988 regime shift and nonstationary
relationship between the EAWM and NPO
The EAWM (determined nearly entirely by the SH
variability) and the NPO (a surface expression of theWP)
form two predominant climate modes affecting the winter
climate of the Far East and the western North Pacific. By
analyzing data over a total of 48 winter seasons (1965–
2012), we have shown that all the above four climate in-
dices underwent an abrupt regime shift around 1988, from
a strong winter monsoon regime before 1988 to a weaker
monsoon regime afterward. The 11-yr running correlation
indicates that the EAWM and NPO were tightly con-
nected to each other during the last two thirds of the strong
monsoon regime (1973–87; SM–HC epoch) but nearly
completely disconnected during the first two-thirds of the
weak monsoon regime (1988–2002; WM–LC epoch).
This regime-dependent nonstationary relationship
between the EAWM and NPO is related to a tight (in-
significant) statistical connection in SLP variations
between the SH and NPO centers of action during the
SM–HC (WM–LC) epoch. This is also associated with
the pronounced decadal weakening of the SH system
over the entire Eurasian continent after the 1988 regime
shift as well as the concomitant, positive NPO/WP-like
dipole change in surface and upper-level circulation
patterns over the North Pacific. It is also shown that the
EAWM and NPO are consistently well linked to the
upper-level blocking events, Ural and Kamchatka
blockings, which explain predominantly the variability
of the SH and WP, respectively. This is generally con-
sistent with Takaya and Nakamura (2013).
These leading modes of atmospheric surface circula-
tion variability affect the western North Pacific SST
differently in each regime. During the SM–HC, when
the EAWM and NPO were strongly connected to each
other, a very similar spatial pattern of SST anomalies
was projected by these circulation modes, while a quite
dissimilar and weakened pattern was observed during
the WM–LC when the EAWM and NPO were practi-
cally independent. In particular, the EAWM impact on
SST during the latter epoch shrank remarkably into
a limited area in the East China Sea, making a clear
distinction from the NPO impact.
We have paid special attention to the understanding
of the dynamics and mechanism underlying the non-
stationary relationship between the EAWM and NPO,
FIG. 14. Maps of correlation between the total precipitable water and the EAWM index for the (a) SM–HC and
(b) WM–LC. (c),(d) As in (a),(b), but for the negative NPO index. (e),(f) As in (a),(b), but for the negative ENSO
index. Color shading indicates the areas of significant correlation above the 95% level.
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a challenging issue not addressed previously. Statistical
analyses on the evolution across the 1988 regime shift of
storm tracks and tropical influence (ENSO) enabled us
to better understand the Northern Hemisphere winter
tropical–extratropical teleconnection in the North Pa-
cific, which also reveals a nonstationary decadal evolu-
tion: a significant triple connection among the EAWM,
NPO, and ENSO in the western North Pacific basin
during the SM–HC, which vanishes in the WM–LC
when the ENSO influence is more preferentially pro-
jected onto the PNA teleconnection pattern in the
eastern basin.
In particular, the correlations between the total pre-
cipitable water (a measure of the convection/subsidence
inherent to a propagating Rossby wave train) and the
above three indices (Fig. 14) suggest a tentative mech-
anism for the nonstationary relationship between the
EAWM and NPO as follows: During the SM–HC, the
East Asian trough deepens because of the enhanced
Tibetan orographic forcing under strengthened monsoon
winds, creating a well-developed anomalous upper-level
cyclone north of the Korean Peninsula. This anomalous
cyclone is in phase with the Rossby wave train generated
by tropical heating in the Philippine Sea, which reinforces
the latter wave train by a near-resonant effect, yielding
a tight triple connection among the EAWM, NPO, and
ENSO. On the other hand, the abrupt decline of the
EAWM after its 1988 regime shift induces a concomitant
weakening of the East Asian trough, yielding a pro-
nounced anomalous anticyclone (as seen north of the
Korean Peninsula in Fig. 4b) that is locally out of phase to
the Rossby wave train originating from the tropics, thus
inhibiting the wave train from propagating farther
northward. As a consequence, the triple connection
among the EAWM, NPO, and ENSO vanishes. This
study highlights the pivotal role played by a decadal shift
of the East Asian trough resulting from the 1988 regime
shift of the EAWM. We conclude therefore that the
nonstationary relationship between the EAWM and
NPO is primarily attributable to the recent abrupt decline
of the EAWMsince the late 1980s, although the causality
of the latter decline remains to be investigated.
b. Concluding remarks
Our results are consistent with the recent study by
Takaya and Nakamura (2013) regarding the tight con-
nection of circulation patterns between the lower- and
upper-level troposphere. They showed that enhanced
monsoon activity in January is concomitantly associated
with the WP-like pattern over eastern Siberia/Alaska
and the Eurasian (EU)-like pattern over the Eurasian
continent. In our case, the WP-like pattern is strongly
connected with the NPO and the EU-like pattern with
the EAWM because the latter has been defined as the
normalized SLP difference between the two eastern
centers of action of the EUpattern: that is, the SH center
and the JES center (Park et al. 2012). One important
difference is that Takaya and Nakamura (2013), who
used their EAWM index for only the period up to 1994
probably because of the availability of the station data
they used, consider that the EU-like and WP-like pat-
terns form the two aspects of the same winter monsoon
activity. In contrast to this, we treated them here as two
separate climate indices (EAWM and NPO), which
were highly correlated to each other in the SM–HC
epoch (1973–87) but became practically independent in
the WM–LC epoch (1988–2002). To resolve this appar-
ent difference in interpretation, a similar analysis as that
of Takaya and Nakamura (2013) is warranted to extend
up to the most recent years.
One may wonder whether our results are sensitive to
the choice of the EAWM index because a number of
diverse definitions of the index have been proposed in
the literature. The interested reader for this issue is re-
ferred to the appendix, where the justification of our
EAWM index is given.
It is worth emphasizing that we have considered here
only the atmospheric circulation influence on SST vari-
ability, deliberately ignoring the ocean dynamics, which
may not be always appropriate depending on the period.
For example, Park et al. (2012) showed that in the period
1970–89 the EAWMwas largely responsible for the SST
variability in most of the western North Pacific, whereas
ocean dynamics became increasingly important there
over the period 1990–2005. If this is true, the impact of
ocean dynamics on SST should be included in the
analysis of the atmosphere–ocean interaction in the
western North Pacific, especially during the WM–LC
epoch, which is a separate effort undergoing presently.
Finally, our results solely based on statistical analyses
cannot provide the full details regarding two-way at-
mosphere–ocean interactions and are inherently limited
in attributing the exact cause of the regime shift around
1988. This should be the scope of dedicated numerical
experiments, which are left for future work.
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APPENDIX
Justification of Our EAWM Index
Wang and Chen (2010) classified 18 existing indices
into four categories according to the definition of the
monsoon strength using different parameters, such as
the east–west SLP gradient, low-level meridional winds,
upper-level zonal wind shear, and East Asian trough for
the 1957–2001 period. These authors assessed the spatial
performance of these indices for representing the
monsoon-related circulation, precipitation, and lower-
tropospheric air temperature anomalies as well as their
predictability based on knowledge of ENSO and AO.
We remark that most of indices based on low-level
meridional winds have been defined for the regions
composing the tropics and subtropics (108–308N) over
East Asia and the western North Pacific (1108–1408E),
showing a high correlation (order 0.65) with the ENSO
index (see Table 1 of Wang and Chen 2010). On the
other hand, the SLP gradient-based indices have been
defined mostly for the regions centered at midlatitudes
(208–608N) using the SLP difference between the east-
ern lobe of the SH system (1108E) and the western lobe
of the AL system (1608E). These latter indices show
a moderate correlation (order 0.4) with the ENSO in-
dex. A recent paper (Wang and Chen 2014b) suggests
that, in addition to the east–west pressure gradient, the
north–south pressure gradient between midlatitudes
and equatorial region is also important for the winter
monsoon. Correspondingly, an index was defined to
reflect this feature and good results were obtained.
Becausewe are interested here in the regime-dependent
nonstationary relationship of the EAWM and NPO as
well as their connection to the tropical influence, the
optimal EAWM index should be the one that shows in
climatology the weakest relationship with ENSO but at
the same time the strongest correlation with surface
climate variables over themidlatitude western boundary
region, where the winter monsoon northerlies prevail.
In this sense, Park et al. (2012) compared several fre-
quently cited winter monsoon indices with observations-
derived surface variables (air temperature, SST, and
wind speeds) in the midlatitude East Asian marginal
seas region. They concluded that their new EAWM in-
dex (defined as the normalized DJF SLP difference
between the area-mean SLP over the Siberian center
and that near the JES center) that is used in the present
study reveals the best performance in explaining the
variability of winter surface variables of the region from
selected station data. This index, EAWMPark, reveals
the practically same performance as the SH index, an
indisputable index for gauging the winter monsoon
strength over East Asia (Gong et al. 2001), which shows
the weakest relationship with (thus most independent
from) ENSO and AO (see Table 1). Figure A1 shows
that EAWMPark correlates remarkably well (r 5 0.83)
with a recent EAWM index proposed by Takaya and
Nakamura (2013), EAWMTakaya, which is defined as
normalized winter surface air temperature anomalies
averaged over the midlatitude Far East and marginal
seas region (258–408N, 1008–1408E). However, these
surface air temperature anomalies show only a marginal
correlation (r 5 0.35) with 850-hPa meridional wind
anomalies over the region, corresponding to the index
proposed by Yang et al. (2002) (EAWMYang). We have
deliberately refrained from testing other EAWM in-
dices defined in regions composing the tropics because
of their inevitable ‘‘contamination’’ by strong ENSO
signals (see Fig. 11).
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